Photoelectron spectroscopic measurements have been performed, with synchrotron radiation on PbSe/CdSe heteronanocrystals that initially consist of core-shell structures. The study of the chemical states of the main elements in the nanocrystals shows a reproducible and progressive change in the valence-band and core-level spectra under photon irradiation, whatever the core and shell sizes are. Such chemical modifications are explained in light of transmission electron microscopy observations and reveal a phase transformation of the nanocrystals: The core-shell nanocrystals undergo a morphological change toward a Janus structure with the formation of semidetached PbSe and CdSe clusters. Photoelectron spectroscopy gives new insight into the reorganization of the ligands anchored at the surface of the nanocrystals and the modification of the electronic structure of these heteronanocrystals.
Photoelectron spectroscopic measurements have been performed, with synchrotron radiation on PbSe/CdSe heteronanocrystals that initially consist of core-shell structures. The study of the chemical states of the main elements in the nanocrystals shows a reproducible and progressive change in the valence-band and core-level spectra under photon irradiation, whatever the core and shell sizes are. Such chemical modifications are explained in light of transmission electron microscopy observations and reveal a phase transformation of the nanocrystals: The core-shell nanocrystals undergo a morphological change toward a Janus structure with the formation of semidetached PbSe and CdSe clusters. Photoelectron spectroscopy gives new insight into the reorganization of the ligands anchored at the surface of the nanocrystals and the modification of the electronic structure of these heteronanocrystals. 
I. INTRODUCTION
Irradiation of nanomaterials with energetic particles has been shown to produce significant changes in the material properties. Not only can point defects be created, [1] [2] [3] but also when the electron or ion energies increase, extensive amounts of materials can be displaced, leading to significant structural and chemical modifications. [4] [5] [6] For example, electron irradiation produces unusual mechanical changes because the reformation of chemical bonds considerably alters the plasticity of nanomaterials. 7, 8 By increasing the electron energy that is released to an atomic lattice, even more fascinating structural changes have been obtained: Metaltipped semiconductor nanorods have been converted into shell-like structures, for instance. 9, 10 Irradiated nanomaterials, thus, provide an interesting playground for studying how direct atomic displacements and electronic excitations lead to the formation of defects, chemical disordering, phase segregation/ordering, or spinodal decomposition, in an effort to gain control over the fabrication of more and more complex nanostructures. Although radiation-induced phenomena can also be observed with intense fluxes in photons, the disordering effects are generally much reduced and are limited to the surfaces of the nanomaterials. [11] [12] [13] Through the use of spectroscopic techniques, light also offers the advantage of following the chemical changes that occur in nanoparticles during a reaction.
14 Thus, it should give invaluable details into the kinetic pathways that exist when nanomaterials undergo radiation effects.
So far, the excitation of core-shell nanocrystals with synchrotron radiation has not revealed any chemical or morphological changes of these heteronanocrystals (HNCs) that would be induced by the photon beam. [15] [16] [17] In all cases, the synthesis of the shell corresponded to an epitaxial growth where the core and the shell materials were selected to crystallize in the same crystal structure. However, questions arise about the stability of HNCs that consist of two materials with different crystal structures and almost similar lattice constants. A typical system is the rocksalt PbTe/zinc-blende CdTe heterostructure where a mild annealing of a PbTe quantum well, that is embedded in a CdTe matrix, results in the formation of PbTe quantum dots. 18 Since PbSe/CdSe heterostructures have similar crystallographic properties and several studies have shown the benefit of using PbSe/CdSe core-shell HNCs to enhance the stability and the tunability of the optical properties of PbSe nanocrystals, 19, 20 we investigated PbSe/CdSe heteronanocrystals with UV photoelectron spectroscopy based on synchrotron radiation. In contrast to HNCs with similar lattice types, we observed a reproducible modification of the valence bands and core levels for the main elements in the HNCs as a function of the irradiation time. By corroborating these findings with the structural transition observed in transmission electron microscopy (TEM) when the HNCs are annealed in situ, we are able to rationalize the evolution of the signals originating from the different elements with respect to their chemical surroundings. Under light irradiation, the HNCs undergo a severe transformation from a core-shell structure toward a Janus structure that involves a dynamical exchange of the ligands between the initial CdSe surface of the HNCs and the emerging PbSe facets.
II. EXPERIMENTAL DETAILS
Oleate-capped PbSe core particles were synthesized according to literature methods. 21 The formation of a CdSe shell was achieved through a cationic exchange of Pb by Cd where a mixture of Cd oleate was added to the PbSe NC suspension in toluene heated at 100
• C. 22 In this reaction, Cd atoms replace the outermost Pb atoms in the nanocrystals, typically forming a CdSe shell around a PbSe core of reduced size. The sizes of the HNCs were controlled with optical spectroscopy and high-resolution-TEM. Six types of HNCs were prepared where the core diameter varied between 2.7 and 6.3 nm and the shell thickness varied between 0.6 and 2.0 nm.
In order to characterize the HNCs with UV photoelectron spectroscopy, Langmuir-Blodgett monolayers were formed by dropping the resulting HNCs, suspended in CHCl 3 on a Langmuir trough, followed by a single-stroke compression of the Langmuir film. 23 Transfers to gold-terminated AuSi(111) surfaces were typically achieved at a surface pressure of 25 mN/m and were repeated two or three times. As a result, close-packed arrangements with a thickness of 2 to 3 monolayers were obtained over mm 2 areas. Such a thickness has been found to be enough to avoid any deleterious background signal from the gold surface in photoelectron spectroscopy of the valence band. Figure 1 shows a typical example of a gold-terminated surface covered with densely packed HNCs that was observed either with scanning electron microscopy (SEM) or with scanning tunneling microscopy. As PbSe nanocrystals are known to suffer from a reduction in the quantum yield with time due to the oxidation of the nanocrystal surface, 24 the samples were kept, as often as possible, in a vacuum vessel, in particular, during the transfer between the different experimental systems used for their characterization.
Photoelectron spectroscopic measurements were performed at beamline Antares at Soleil and beamline APE at Elettra. The synchrotron radiation was tuned in the energy range of 30-600 eV. A Scienta R4000 and a SES2002 analyzer were used to characterize the samples at room and low temperatures (between 75 and 110 K), respectively. High-energy resolution spectra of the valence bands and core levels were measured with a 5-eV pass energy, using either a single sweep or several sweeps to study the progressive changes in the core-level intensities caused by the irradiation. Since we worked with gold surfaces covered with only 1-3 monolayers of HNCs, the samples were not subject to charging effects. The binding-energy scale was calibrated using either the Fermi edge of gold-terminated areas that were not covered with HNCs on the samples or the Fermi edge of a clean and well-ordered Au reference sample. The core-level line shapes were fitted with Gaussian-Lorentzian convolution functions after standard background subtraction. The number of corelevel components used in the fits was kept to a minimum and, in order to perform reliable decompositions, the broadening for the Gaussian and Lorentzian functions was calibrated from the measurements of core-level spectra obtained with bulk PbSe and CdSe materials. To this end, single-crystal PbSe films were epitaxially grown on GaAs substrates by chemical solution deposition as described in Ref. 25 . Thick layers of zinc-blende CdSe were also grown by molecular-beam epitaxy on ZnTe and InAs substrates. 26 In order to obtain valuable chemical information on the structure of the HNCs, in particular, close to the surface and the interface, the photon energy was predominantly set at 90-95 eV. Within this range of energies, the electrons have the shortest inelastic mean-free path of about 1 nm. In addition, such a low photon energy fits quite well with the binding energy of a few core levels of the three main elements in the HNCs: the Pb 5d, Se 3d, and Cd 4d core levels. It also ensures a high-energy resolution in order to distinguish the different chemical states of an element.
High-resolution TEM was performed using a FEI TECH-NAI G2 20 microscope operating at 200 kV that was equipped with a heating stage. The HNCs were deposited on a SiN TEM grid by drop casting suspensions in toluene, yielding arrays of 1 or 2 HNC monolayers. As the HNCs were found to be sensitive to the electron beam after some exposure, the TEM images had to be quickly acquired. During the in situ heating, only the final result was observed since the stabilization of the temperature on the grid usually takes a few minutes.
III. RESULTS

A. As-grown heteronanocrystals
We first start the description of the photoemission spectra with the measurement of the valence-band maximum (VBM) for bulk and nanocrystal materials. As shown in Fig. 2 29, 30 They show that both materials have an n-type behavior and suggest the existence of a large valence-band discontinuity in PbSe/CdSe heterostructures since the VBM difference is 1.13 eV, slightly higher than the one that is found in the literature. 31 Such a result is consistent with the evidence for a quasi-type-II band alignment in PbSe/CdSe HNCs. 32 As to the PbSe nanocrystals with a diameter of 9.3 nm, the VBM shifts away from the Fermi level with respect to the bulk PbSe valence-band maximum. It lies 0.75 eV below the Fermi level at room temperature and, when the measurement is performed at 75 K, we find an upward shift, consistent with the temperature dependence of the PbSe band gap, 33 yielding a VBM positioned 0.52 eV below the Fermi level. Comparison with the theoretical band gap of 0.47 eV, calculated for a temperature of 0 K, reveals that the VBM shift observed for the PbSe nanocrystals is caused by quantum confinement. 34 When the outermost Pb atoms are replaced with Cd atoms to turn the PbSe nanocrystals into PbSe/CdSe HNCs, the spectroscopic measurement also shows a shift in the VBM away from the Fermi level. Despite the increase in quantum confinement in the core, since the PbSe core diameter measures 5.3 nm instead of 9.3 nm, we do not attribute this stronger shift, in comparison with the one obtained for PbSe nanocrystals, to quantum confinement. Indeed, the shell is expected to be thicker than the escape depth of the photoexcited electrons. In addition, the theoretical band gap of a PbSe nanocrystal with a 5.3-nm diameter at 0 K is 0.75 eV, 34 a value significantly
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(a) 28 20 Binding energy (eV) Table I . The photon energy was set at 95 eV. Inset: background subtracted Pb 5d core-level spectra of the PbSe nanocrystals and PbSe/CdSe heteronanocrystals observed on a wider energy range to show a broad and small peak around 25 eV. (b) Evolution of the line shape of the Pb 5d core level during the surface preparation of bulk PbSe. Spectrum (i) corresponds to a surface treated with a soft Ar sputtering, whereas, spectrum (iv) was measured after three cycles of sputtering and annealing. All spectra were measured at room temperature.
smaller than the measured energy of 1.33 eV, even though this value is measured at room temperature. Rather, this energy shift agrees well with a shell consisting of a material with a larger band gap than PbSe in agreement with the presence of pure CdSe or mixed Pb 1−x Cd x Se.
In order to determine the chemical composition of the shell, we further analyze the core levels of the four types of materials described in this paper, beginning with the measurements of the core levels for the bulk PbSe and CdSe materials. Figures 3(a) , 4 and 5 show the Pb 5d, Se 3d, and Cd 4d photoelectron spectra of both materials. All spectra are composed of two peaks that are more or less separated due to the different magnitudes of the spin-orbit coupling for each element. A reasonable description of the spectra is obtained with only one component. The peak positions and the linewidth of the Gaussian and Lorentzian functions used to perform the decomposition are given in Table I . We find Lorentzian and Gaussian contributions to the Pb 5d level that agree with previous studies of bulk lead chalcogenides. 35, 36 Similar to these past studies, we were not
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Binding energy (eV) Table I . The photon energy was set at 95 eV, except for the characterization of bulk CdSe where it was 90 eV. All spectra were measured at room temperature.
able to discriminate between surface and bulk components of Pb atoms.
As to the linewidth, the spin-orbit splitting, and the branching ratio of the Se 3d levels in PbSe, all quantities are consistent with experimental results given in the literature and do not show the existence of a surface component. [37] [38] [39] [40] This is also the case for the decomposition of the Cd 4d core level in CdSe. Although the Lorentzian function is rather on the broad side of the linewidths found in the literature, a single component fully describes the measured spectrum. [41] [42] [43] In contrast, we find that the Se 3d level in this material required a much larger broadening with respect to the Se 3d level in PbSe. Finally, we note a clear chemical shift of 1.02 eV between the Se components in PbSe and CdSe.
Interestingly, the preparation of a clean PbSe surface reveals additional components for the Pb 5d core level, that could be helpful in understanding the chemical states found in the HNCs. Starting from an oxidized PbSe surface, the surface was gently sputtered to reveal the Pb 5d core-level peaks as shown in spectrum (i) of Fig. 3(b) . This spectrum consists of two broad peaks with two small shoulders at lower binding energies [spectrum Table I . Both spectra were measured at room temperature. Fitting the different Pb 5d core-level spectra requires three doublets. The initial broad peak at high binding energies is known to be caused by oxidized Pb atoms at the surface. 44, 45 With the removal of the oxide layer due to the sputtering, the spectral line becomes narrower revealing the 5d 5/2 and 5d 3/2 lines of the bulk components. As to the shoulders visible at low binding energies, they are attributed to Pb adatoms that are created due to the preferential sputtering of selenide ions. 46 Prolonged annealing allows them to be reintegrated in the surface lattice again, leading to the occurrence of a single doublet for the Pb 5d core level, once the surface is correctly prepared.
Based on the linewidths obtained for the bulk materials in this paper and the ones found in the literature, we can now investigate the chemical states of the nanocrystals. We first focus on the photoelectron spectra of PbSe nanocrystals with mean diameters of 9.3 nm. The Pb 5d and Se 3d core-level spectra are displayed in Figs. 3(a) and 4 . The comparison of their positions with respect to the core levels of PbSe bulk reveals a significant shift toward higher binding energies that we attribute to a change in the material work function. Although one component is enough to fit the Se 3d core level, three components are necessary to get a good fit of the Pb 5d core level. These results are in line with our current understanding of the surface chemistry of PbSe nanocrystals capped with oleate. [47] [48] [49] Indeed, we know that the nanocrystals are nonstoichiometric with a surface that is predominantly composed of lead. Thus, we expect the Se 3d core level to mainly consist of a bulk component which is supported by the decomposition of the related spectrum. Conversely, due to the surface excess of Pb atoms, several components should account for the line shape of the Pb 5d core level. We attribute the central peak with the highest intensity to the bulk component, whereas, both other peaks are related to the surface components. In fact, during the synthesis, oleate ligands are adsorbed at the lead-rich surface through oxygen atoms. In addition, if the nanocrystals are left in solution or are transferred in air, they can progressively oxidize. This is particularly true during the film preparation by the Langmuir-Blodgett method. Accordingly, we expect the contribution of the PbO species in the line shape of the Pb 5d level at high binding energies, yielding broad shoulders similar to the ones found at the beginning of the surface preparation of the PbSe bulk. In vacuum, annealing the nanocrystals between 100
• C and 200
• C is known to desorb part of the ligands. 50 As we cannot rule out that a partial desorption of weakly bound ligands occurs in ultrahigh vacuum, that could be enhanced by heating due to the intense flux in photons, we expect unbound excess Pb atoms at the surface of the PbSe nanocrystals. Such atoms, with more metallic characters, give another contribution to the line shape of the Pb 5d level at low binding energies, similar to the peak observed after the sputtering of the PbSe bulk surface. Therefore, fitting the Pb 5d with three components is consistent with the achieved decomposition and with the result described in a recent study. 49 Finally, we also notice a small peak at a binding energy around 25 eV [inset of Fig. 3(a) ]. This peak is the signature of the O 2s core level that is caused by the O atoms of the ligands and/or the oxidation of the Pb species.
We now turn to the chemical state analysis of the HNCs that were directly synthesized from the parent PbSe nanocrystals described above. Although the PbSe core is expected to be covered with a shell thicker than the escape depth of the photoexcited electrons, we note that a significant signal is measured in the energy range of the Pb 5d core level. Moreover, marked changes are observed in the spectra of the three elements in comparison with the spectra measured for the parent nanocrystals as shown in Figs. 3-5 . The line shape of the Pb 5d is clearly different. Although three components still give a reasonable description of the experimental spectrum, the intensity of the peaks that have been assigned to the surface components of the Pb core level are now much stronger. At first, the capping of the PbSe core with an inorganic shell of CdSe makes the observation of the Pb core level quite surprising since a 2-nm-thick shell should prevent the escape of electrons from the core at a photon energy of 90-95 eV. However, several experimental papers have shown that the core can have an off-center position in the final structure and that the shell is very often incomplete. 22, 51, 52 PbSe facets, thus, exist close to or at the surface of the HNCs, and the related Pb species contribute more strongly to the signal than the bulk component, for which the photoexcited electrons are more attenuated.
The existence of PbSe facets at the surface is corroborated by the line shape of the Se 3d core level (Fig. 4) . Indeed, we were not able to fit the Se 3d spectrum of the HNCs with a single component based on the fitting parameters used for the CdSe bulk. Another component exists at a low binding energy, and we reasonably assign it to Se atoms residing in the PbSe part of the HNCs. The energy shift in this component is consistent with the difference in energy measured for the Se 3d core level between CdSe and PbSe bulk. The observation of such a component, thus, favors the existence of a partial shell, allowing electrons to escape from the PbSe part of the HNCs.
Next, we consider the Cd 4d core level (Fig. 5) . Again, the fitting parameters of the bulk were used and led to a decomposition with three components instead of the single one found for CdSe bulk. Likewise, for Pb, a central doublet is surrounded by two smaller doublets. We attribute this central doublet to the bulk component. In order to account for the other components, we know that Se gets oxidized before Cd when CdSe is subject to oxidation.
53,54 As we were not able to detect any additional peak at high binding energies in the Se 3d spectrum, we rule out a strong oxidation of Cd atoms at the surface of the shell. However, the synthesis involves the binding of these Cd atoms with oleic acid ligands through an oxygen atom. Based on previous photoelectron experiments, we attribute the contribution of these atoms to the component observed at the highest binding energy. 54, 55 Regarding the component seen at the lowest binding energy, we could imagine that parts of the Cd atoms become unsaturated at the surface, for example, if Cd-O bonds are cleaved in ultrahigh vacuum. Similar to the excess of Pb atoms detected at the surface, such Cd atoms have a more metallic nature 55 and lead to the occurrence of a low binding energy component in the core-level spectrum.
Although the existence of additional components in the core-level spectra of Pb and Cd could be caused by the formation of an alloy structure, 49 we rule out this hypothesis. The lattice-type mismatch between rocksalt IV-VI semiconductors and zinc-blende II-VI semiconductors makes both materials very immiscible. 56 Although not impossible, the investigation of bulk Pb 1−x Cd x Te solid solutions by photoelectron spectroscopy, for a small content of Cd, did not display the existence of shoulders at low binding energies in the Pb 5d core-level spectrum. 57, 58 Moreover, recent experiments have shown that ion exchange certainly proceeds in a layer-by-layer fashion, preventing a strong intermixing between Pb and Cd atoms. 59, 60 Therefore, the well-resolved component seen on the Pb 5d core level at the lowest binding energy indicates that Pb exists in excess on the few PbSe facets at the surface of the HNCs and, possibly, on the CdSe surface of the shell. Such a hypothesis agrees with a recent study of the Pb 5d core-level spectrum measured for PbSe/CdSe HNCs with a complete shell that shows a shoulder at low binding energy, whereas, the PbO component was absent from the spectrum. 49 This result would suggest that Pb is not expulsed from the outer layer of the shell as fast as it was initially thought.
In order to confirm these observations, other HNCs were characterized. Their chemical-states analysis revealed that the line shapes of the Pb 5d, Se 3d, and Cd 4d core levels were quite reproducible for all six types of investigated HNCs. Figure 6 shows an example of the line shape obtained for the Pb 5d core levels of four different HNCs, and Table II gives the related parameters of the fits. In all spectra, the peak at low binding energy is clearly seen. When we compare its intensity as a function of the shell thickness, we are not able to find any strong dependence between the intensity of the line and the shell thicknesses. In the same way, changing the core diameter, while maintaining the shell thickness constant, does not greatly alter this peak.
184102- 5 FIG. 6 . High-resolution spectra Pb 5d core-level spectra of four PbSe/CdSe heteronanocrystals with their intended sizes given in front of each spectrum. The thin lines correspond to fits obtained with the parameters given in Table II . The spectra were measured at 110 K.
B. UV-irradiated heteronanocrystals
Remarkably, the line shapes of the different core levels were found to reproducibly change when all six types of HNCs were annealed or were kept under the exposure of the photon flux. Figure 7 gives an example through survey spectra measured in the case of the HNCs having a core diameter and a shell thickness of 4.4 and 1.1 nm, respectively. Starting with spectrum (i) obtained for a fresh sample, a modification in the line shape of the Pb 5d core level is seen once the samples have been annealed at 130
• C for 30 min [spectrum (ii)]. The changes are more dramatic when the HNCs are exposed to irradiation for 2 h. Not only the peak at low binding energy in the Pb 5d core level tends to disappear, but the Se 3d becomes featureless, and a clear shift in the binding energy is visible for the Cd 4d core level.
In order to better highlight the chemical transformation of the HNCs caused by the fluxes in the photons, highresolution spectra were acquired in the following manner. High-resolution spectra of the three different core levels were quickly measured on a sample that had not been annealed or had been subject to irradiation before. Then, because the change in the line shape is more pronounced for the Pb 5d level, FIG. 7. (Color online) Survey spectra of PbSe/CdSe heteronanocrystals obtained in normal emission with a photon energy of 95 eV. Initially, the core size of the heteronanocrystals is 4.4 nm, and the shell thickness is 1.1 nm. The lower (i), middle (ii), and upper (iii) spectra correspond to a fresh sample, the same sample annealed at 130
• C for 30 min and after being irradiated for 2 h. The spectra were measured at 110 K.
several sweeps were acquired for durations of tens of minutes in the energy range of the Pb 5d level. Finally, spectra of the Se 3d and Cd 4d core levels were again measured. Figure 8 shows a typical set of measurements with the related fits (the fitting parameters being tabulated in Table III) . Initially, the first component of the Pd 5d core level at low binding energy has the strongest contribution with respect to the other components. At the same time, the Se 3d core level shows two lines with a major contribution of the Se element belonging to the CdSe shell. As for the Cd 4d core level, it is described with three components as already found for the HNCs described previously.
Under irradiation, the intensity of the different lines in the Pb 5d core levels changes. The intensity of the peak positioned at low binding energy clearly decreases, whereas, the contribution of the peak at the highest binding energy gets stronger and stronger. At the end of this continuous exposure, the line shape of the Se 3d core level is broader. When fitted, it shows a slight increase in the contribution of the Se element residing in PbSe. As far as the Cd element is concerned, a single component is necessary to fit the Cd 4d core level, Table III . The spectra were measured at 110 K.
based on the fitting parameters used for the Cd element in the zinc-blende CdSe bulk.
Although the core-level spectra of the three main elements are found to change, it is interesting to note that the O 2s core level barely changes. A good comparison is shown in Fig. 9 for the PbSe/CdSe HNCs (core size of 9.3 nm/shell thickness of 2.0 nm) and their parent PbSe nanocrystals. Comparison of spectra (i) and (ii), obtained for as-grown nanocrystals and nanocrystals exposed to irradiation for a few minutes, respectively, shows the typical reduction in the shoulder seen at the low binding energy in the Pb 5d core-level spectrum of the HNCs due to irradiation. However, there is no significant reduction in the broad peak related to the O 2s core level, indicating that the irradiation-induced modifications do not involve a desorption of the oleate.
Following the Pb 5d core-level changes, we were also able to measure variation in the valence band of the HNCs. The inset Therefore, the analysis of these results indicates:
(1) the disappearance of the CdO species along with a strong reduction in Pb and Cd atoms in excess, (2) the emergence of PbSe facets at the surface that should be terminated with oleate ligands.
IV. DISCUSSION
In order to gain further insight into the transformation of the HNCs, the samples were observed with SEM after their irradiation (Fig. 11) . The morphology of the film looks similar to the one seen in Fig. 1 . Individual HNCs are still clearly visible, and we were not able to detect any sign of fusion, leading to their subsequent attachment. 61 Therefore, the changes observed in photoelectron spectroscopy only involve an internal transformation. Since we noticed similar effects on the evolution of the core level when the samples are annealed or are exposed to UV irradiation, the HNCs were studied with TEM where they could be annealed in situ and their transformation could be followed in real time. Figure 12(a) shows TEM images of PbSe/CdSe HNCs obtained before annealing for nanocrystals with intended core size and shell thickness of 5.3 and 2.0 nm, respectively. The HNCs have a rather spherical shape. For a large majority of the HNCs, the core region can be distinguished from the shell due to a darker contrast. To illustrate the detailed atomic arrangement within a single nanocrystal, an enlarged high-resolution-TEM image of a HNC with a complete shell is shown in the lower inset of Fig. 12(a) . Fast Fourier transformation of the atomic arrangement acquired in the core [ Fig. 12(b) ] and in the shell [ Fig. 12(c) ] yields diffraction patterns that match well with simulated (−1-10) patterns of rocksalt PbSe and zinc-blende CdSe, consistent with previous papers. 22, 49, 51 However, two types of HNCs are seen as follows: HNCs that are fully covered with a shell (lower inset) and HNCs where the core is partially embedded in a shell (upper inset).
When the HNCs are heated at 150
• C for a few minutes, morphological changes are usually observed for the nanocrystals with the thinnest shells. The transformation is quite clear around 200
• C for the majority of the HNCs as seen in Fig. 13 . In this case, HNCs still show two regions. Based on their contrast and their expected volume, we identify the smallest and darkest one to be PbSe and the largest and brightest one to be CdSe. Remarkably, the transformation involves a disruption of the shell that leads to the expulsion of the core at the surface of the HNCs, the latter one conserving a rather spherical shape. High-resolution-TEM images clearly reveal the formation of a Janus structure where two bihemispheres are in contact, consistent with the results found by Grodzinska et al. 51 From these observations, we can now draw the following interpretation of the evolution of the chemical states observed during photon irradiation. Upon thermal annealing, minimization of the interface energy has been shown to lead to a phase separation in the absence of lattice mismatch between similar compounds, such as PbTe and CdTe. 62 In the case of a PbSe core embedded in a CdSe matrix, the minimization of the total energy of the system occurs through the formation of {111} interfaces between both compounds where a Se {111} layer separates the Pb and Cd sublattices. 60 For spherical core-shell nanocrystals where the volume of CdSe is limited, the reduction in the energy to reach a single {111} interface involves the expulsion of the core from the shell through atomic rearrangements. Such a transformation appears in the evolution of the Se 3d core-level spectrum where the contribution of the Se element bound to Pb becomes stronger. It is also seen in the change of the intensities for the components that compose the Pb 5d core-level spectrum. An increase in the contribution caused by Pb atoms bound to O implies the emergence of new facets at the surfaces of the HNCs.
Along with the disappearance of the CdO species and the lack of attachment and fusion of HNCs below 300
• C in the TEM images, this finding indicates that the ligands do not significantly desorb under irradiation, consistent with the stability of the O 2s core level. Heating due to irradiation is, thus, lower than 200
• C, a temperature that is still low enough to prevent the desorption of oleate ligands attached to Pb atoms at the surface of PbSe NCs. 63 Therefore, although Cd atoms in excess at the surface of the shell reintegrate in the CdSe lattice upon annealing, the ligands preferentially diffuse from the CdSe facets to the PbSe facets and bind to Pb adatoms. A possible alternative would be that excess Pb adatoms diffuse at the surface of the HNCs toward the CdSe facets and saturate the oleate ligands there. At the end of the transformation, a semiattached structure is obtained where the PbSe facets are stabilized with organic ligands. From the signature of the small component observed in the Pb 5d core level at the lowest energy, a small excess of Pb atoms still exists at the surface of the HNCs. We surmise that this excess of cation atoms certainly plays a significant role in favoring the diffusion of inorganic and organic elements during the phase transformation. Indeed, in contrast to these effects observed in vacuum, heating of colloidal suspensions of HNCs does not produce the same effect. 51 Finally, the photoemission measurements of the valence band reveal that the morphological change takes place with a modification of the density of states in the valence band. A VBM shift in 210 meV toward the Fermi level is measured in Fig. 10 . However, from the size of the PbSe core (4.4 nm) and its expected contribution into the signal measured at low energy when the HNCs are turned into a Janus structure, it is surprising to measure a VBM that is so far from the Fermi level. Indeed, although we cannot rule out a change in the Fermi level pinning with the irradiation-induced transformation, the band gap of a PbSe NC with a size of 4.4 nm is predicted to be 0.85 eV at 0 K. Such a discrepancy indicates a stronger confinement in the valence band of the PbSe core, and this observation agrees well with the blueshift in the absorption and emission spectra measured in the Janus structure in comparison with the core-shell nanocrystals. 51 The confinement increase could be explained by a decrease in the core size. This size reduction could, thus, favor the hypothesis that some Pb atoms leave the outermost layers of the PbSe core and diffuse at the surface of the HNCs toward the CdSe facets in order to saturate the oleate ligands there. Another explanation could be related to the formation of a sharp interface that could modify the confinement potential of the PbSe hemisphere, suggesting a complex hybridization of the electronic states between the rocksalt PbSe part and the zinc-blende CdSe part.
V. CONCLUSION
We have investigated the line shape of the core levels of oleate-capped PbSe/CdSe heteronanocrystals. From the modification of the core-level spectra under the photon beam, a transformation of the chemical structure has been found, that is corroborated with the structural transformation observed by TEM: UV irradiations as well as heating turn PbSe/CdSe core-shell nanocrystals into a Janus structure. Since the photon energy used in these experiments is quite sensitive to the elements at the surface of the nanocrystals, we have shown that photoelectron measurements provide an important insight into the phase transformation of these heteronanocrystals: Not only inorganic atoms rearrange inside the nanocrystals, but also this rearrangement takes place along a reorganization of the ligands that diffuse from Cd surface atoms to saturate the protruding Pb atoms on the PbSe facets. It also leads to an electronic structure that is different from the one obtained for individual PbSe NCs of comparable sizes.
